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Abstract 
Organic optoelectronic devices have attracted great attention because of many advantages including 
flexibility, low fabrication cost and light weight. The use of surface plasmon resonance (SPR) effects 
of metal nanostructures is one of the most promising approaches for enhancing the performance of 
organic optoelectronic devices. The SPR effects of metal nanoparticles or metal nanostructures 
including scattering, localized surface plasmon (LSP) and surface plasmon polariton (SPP) are 
effective ways to store the incident light energy and enhance the photogeneration of excitons. 
In this work, novel plasmonic dual structures having both grating nanoscale patterns and nano scale-
hole patterns have been developed. In addition, these dual patterns have been applied in various 
organic optoelectronic devices such as organic photovoltaics (OPVs), organic photodiodes (OPDs) 
and organic phototransistors (OPTs). Incorporating dual patterns as a back reflector electrode in OPV 
and OPD system and a gate electrode in OPT system has led to remarkable improvement in device 
performance owing to the increased light absorption and scattering via enhanced electric field 
distributions. The developed methodology which utilizes plasmonic dual structures is highly 
promising for enhancing the performance of organic optoelectronic devices and may pave a way for 
commercializing organic optoelectronic devices. 
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Chapter 1. Introduction 
 
1.1 History of Organic Optoelectronics 
 
Since the discovery of highly conducting polyacetylene by Alan J. Heeger, Alan G. MacDiarmid and 
Hideki Shirakawa, organic electronics have attracted much attention for the next generation. Organic 
optoelectronic devices such as organic photovoltaics (OPVs), organic photodiodes (OPDs), organic 
phototransistors (OPTs) and organic light-emitting diodes (OLEDs), have advantages of flexibility, 
low cost, light weight and cost-effective production process. In OLEDs, it is now commercialized for 
cellular phone and television screens as flat-panel display. Power conversion efficiency OPVs have 
reached over 10% by developing new materials and device architectures which make them attractive 
for delivering low-cost solar power. OPV has been considered as rapid-developing green energy 
technology. And now the conversion efficiency of OPVs is approaching the requirement for practical 
applications. OPDs and OPTs have resulted in a revolution in developing fast and inexpensive 
integrated circuits. Their easily intergrating provides cost-effective building blocks for alternative 
integrated electro-optical circuits as well as lab-on chip components 
Besides, the most distinguishing feature of organic semiconductors is their chemical versatility. As 
an exciting research field which has potential practical applications, organic optoelectronics is 
advanced rapidly. 
 
 
1.2 Physics of Organic Optoelectronics 
 
1.2.1 Principle of Organic Photovoltaics (OPVs) and Organic Photodiodes (OPDs)  
 
 Photovoltaics and photodiodes are devices that produce electricity from sunlight. Under illumination, 
electron-hole pairs are generated as excitons by photons from an active layer in device. In order to 
generate electricity, the excitons need to diffuse to the interface of donor and acceptor (DA) to 
dissociate into free charges. Then, electrons and holes transport to cathode and anode for charge 
collection respectively1. In these processes, four main steps which affect efficiency of photovoltaics 
are shown in Figure 1.1 
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Figure 1.1｜Key generation processes of organic photovoltaics and photodiodes. 
 
Ⅰ. photon absorption (ηA).  
 
The photon absorption is determined by the optical characteristic and thickness of a photoactive 
layer. Most organic semiconductors in OPVs can absorb a small portion of sunlight of less than 650 
nm due to the band gap greater than 2 eV. Usually, the thickness of an active layer is in the order of 
100 nm to avoid excitons and charge transport loss because of the mismatch between the optical 
absorption length and the charge transport scale. For the enhancement of photon absorption, organic 
semiconductors that have both a low band gap for a wide absorption spectra and a high absorption 
coefficient need to be developed for absorbing enough sunlight. 
 
Ⅱ. excitons diffusion (ηED)  
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The efficiency of excitons diffusion to a DA interface is related at its excitons diffusion length (LD) 
and distance (Li) between location of excitons and donor and acceptor interface. 
2LD is equal to (Dτ)
1/2
. 
D is diffusion coefficient of excitons and τ is lifetime of excitons3. Typically, exciton diffusion length 
is near from 4 to 20 nm for organic semiconductor in OPVs4. Excitons are recombined when Li is 
smaller than LD. Therefore, owing to these factors, to enhance the efficiency of excitons diffusion, 
development of organic semiconductors which have long exciton diffusion length is needed for 
enhancement of excitons diffusion efficiency and fabrication of small nanostructured interface of DA 
for reducing Li are also needed. Through the methods such as utilization of surfactant additive, using 
block copolymer lithography (BCL) and nano-imprinting lithography (NIL), the Li should be reduced. 
 
Ⅲ. exciton dissociation and charge transport 
The dissociation efficiency of the exciton into free electrons and holes depends on the difference in 
the lowest unoccupied molecular orbital (LUMO) energy between DA and the internal electric field at 
a DA hetero junction.5 From the current understanding, energy is required for exciton dissociation to 
overcome the exciton binding energy.6  
 In the charge transport process, the holes and electrons are transported in the donor and acceptor 
semiconductor, respectively. Therefore, a higher degree of planar stacking direction enhances charge 
transport efficiency (ηCT) due to the increased charge mobility. Thermal and solvent annealing for 
developments of molecular packing and increasing the regioregularity ratio of polymers is used for 
more organized structures.7  
 
Ⅳ. collection of charge-carriers (ηCC) 
ηCC is the fraction of transported free charges from the active layer to the electrodes. It relies on the 
differences of energy levels between semiconductors and electrodes. A small energy level difference 
makes a better collection of charge-carriers. The interface between the semiconductor and the 
electrode also affects the ηCC..
5 The employment of a hole blocking layer and electron blocking layer 
enhances ηCC.. 
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1.2.2 Characterization of Organic Photovoltaics (OPVs)  
 
Photovoltaics efficiency can be calculated from the current density-voltage (J-V) characteristic 
curves. From this curve, the short circuit current density (Jsc), open circuit voltage (Voc), and fill factor 
(FF) can be obtained (Figure 1.2).  
 
Figure 1.2｜(a) IV curve of photovoltaics under illumination, (b) Explanation of FF. 
The Jsc is the current density of photovoltaics when the output voltage of the photovoltaics is zero. 
The Voc is the maximum voltage of photovoltaics when the photovoltaics operate at an open circuit 
condition with zero current. Figure 1.2a shows the FF is defined as the ratio of the maximum power to 
the product of Voc and Jsc. In Figure 1.2b, the energy conversion efficiency is calculated as equation 
1.1.  
  
η = 	
   	   	  
   
	× 100																		(1. 1) 
 
Another useful measurement is the incident photon-to-current efficiency (IPCE). It is a measure of 
how photovoltaics efficiently convert the photon of incident light into electrons of electrical energy at 
a given wavelength. The IPCE is calculated as equation 1.25 
 
IPCE(%) = 	
number of electron generated
number of incident photons
	× 100 																																	(1. 2) 
J
V
J
V
  =
 
 
=	
    	    
   	   
Jsc
Voc
Vmax
Jmax
A
B
(a) (b)
 ５ 
 
s=
[1240(eV nm)][photocurren density(mA cm-2)]
[λ(nm)][irradiation (mW cm-2)]
 × 100	 
 
1.2.3 Characterization of Organic Photodiodes (OPDs)  
 
Photodiode characteristics have two major characteristics: optical characteristics including 
responsivity (Rλ) and quantum efficiency (QE), and noise characteristics including shot noise (Isn), 
thermal noise (Ijn), noise equivalent power (NEP), and signal to noise ratio (SNR). Rλ is defined as the 
ratio of the photocurrent generated (Ip) for incident light power (P) at a given wavelength in units of 
ampere/Watt. Rλ is calculated as equation 1.3.  
 
  =	
  
 
																															(1. 3) 
 
In other words, Rλ is the effectiveness of the light power conversion into an electrical current and is 
the preferred measure of a photodiode’s response to light.  
QE, which is also called external quantum efficiency (EQE), is defined as the percentage of the 
incident photons that contribute to the photocurrent. QE can be calculated as equation 1.4, 
 
  =	
  		        
  		    
	 =   		
ℎ 
λq
	= 1240
  		
λ
																											(1. 4) 
 
Where h is the Planck constant, c is the speed of light, q is the electron charge, Rλ is the responsivity in 
A/W and λ is the wavelength in nm. 
 where h is the Planck constant, c is the speed of light, q is the electron charge, Rλ is the responsivity 
in A/W, and λ is the wavelength in nm. 
 Shot noise (Isn) is defined as the statistical fluctuation in both the photocurrent and dark current. 
Thermal noise (Ijn) is the current noise due to the thermal generated carriers. These Isn and Ijn can be 
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calculated as equation 1.5 and equation 1.6 respectively, 
 
   =	 2 (  +  )∆ 																															(1. 5) 
 
   =	 
4   ∆ 
   
																																								(1. 6) 
 
where q is the electron charge, IP is the photo-generated current, ID is the dark current, Δf is the 
noise measurement bandwidth, kB is the Boltzmann constant, T is the absolute temperature, and RSH is 
the shunt resistance of the photodiode. 
From these Isn and Ijn , the total noise current (Itn) is determined by equation (1.7) 
 
   =	    
 +	   
 																															(1. 7) 
  
 NEP is the incident light power of the photodiode, which generates the same photocurrent as the 
noise current. NEP can be calculated from equation 1.8 
 
   = 	
   
  
																																												(1. 8) 
 
SNR is also an important parameter for finding intensity of effective photogenerated current 
compare with dark current. SNR is calculated as equation 1.9 
   = 	
      −      
     
																											(1. 9) 
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 1.2.4 Principle of Organic Phototransistors (OPTs) 
OPT is a photosensor based on an organic field effect transistor (OFET). The basic structure of 
OFET is shown in Figure 1.3.8 
 
 
Figure 1.3｜Basic structure and working principles of organic field effect transistor. 
As shown in Figure 1.3, OFET consists of an organic semiconductor, insulator, source, drain, and 
gate. The structure in which the insulator is located between the gate and the semiconductor is 
important in OFET. Due to the field effect, a charge layer can be made by applying a voltage to the 
gate electrode. For example, in the case of the n-type semiconductor, a negative charge layer can be 
made by applying a positive bias to the gate electrode. The source and drain, and the organic 
semiconductor then form a resistor column. This resistance can be controlled by the bias of the gate 
and source-drain. This is the principle of OFET. 
OPT is an OFET that exhibits high photo-responsivity (Rph). Pristine semiconductors are generally 
used in OPTs rather than bulk heterojunction semiconductors. Under illumination, electron-hole pairs 
are generated as excitons by photons from an active layer in a device. To enhance a current, the 
excitons are needed to dissociate into free charges in pristine semiconductors. The process of photo-
generation in pristine semiconductors is described in Figure 1.4.9  
 
VG
VD
Organic Semiconductor
DrainSource
Gate
Insulator
+++++++++++++++++++++
----------------
 ８ 
 
 
Figure 1.4｜Processes to photo-generate of free charge in pristine semiconductors. 
 
In Figure 1.4, S1, Sn, and CP are the lowest and highest energy singlet excitions and a charge pair 
state, respectively. These S and CP states are separated by a non-negligible potential barrier due to the 
relatively large exciton binding energy. Light can generate excitons (process 1). Applying an external 
electric field may decrease the energy level of CP and reduce the potential barrier (process 2). This 
reduction of the potential barrier enables charge generation from a thermalized singlet state (S1) 
(process 3). Also, during the relaxation process from high energy singlet exciton (Sn) to S1, a charge 
generation may occur by branching to the charge pair (process 4).10 In addition, excitons at a 
vibrationally hot S1 sate also overcome the barrier resulting in charge pairs (process 5). Under 
irradiation, the generation of photoexcited charge carriers enhances the electrical current between the 
source and drain. 
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1.2.4 Characteristic of Organic Phototransistors (OPTs) 
 
 Characteristic of organic phototransistors are calculated from transfer curve (Figure1.5). 
 
 
Figure 1.5｜Transfer curve of transistor. 
. 
From this curve, on-current (Ion), off-current (Ioff), threshold voltage (Vth), on-voltage (Von), and 
mobility can be obtained. Ion is defined as the maximum current of the transfer curve and Ioff is defined 
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as the minimum current of the transfer curve. Vth is defined as the x-intercept of the extension line of 
the square root of the drain current.8 The extension line is determined near the on current. Von is 
defined as the x-intercept of the extension line of the drain current.8 The extension line is determined 
near the range where the drain current starts to be enhanced. In addition, the linear region and 
saturation region are determined from the output curve8 (Figure 1.6). 
 
Figure 1.6｜Output curve of transistor. 
The linear region refers to the range where the drain current is increased linearly. After the linear 
region, the saturation region is defined as the range of area where the drain current is almost saturated. 
In addition, the drain current is defined differently from these regions, as described in equation 1.9 
and equation 1.10,8 
  
	  =	
 
 
      −        					 at	linear region																					(1. 9) 
  =	
 
2 
      −     
 
			      at	saturation region														(1. 10) 
I d
Vd
0
Vg = 30V
Vg = 40V
Vg = 50V
Linear
region
Saturation 
region
Vg < VTh
Vg > VTh
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where Id is the drain current, W is the width of the source and drain electrodes, L is the length 
between the source and drain electrodes, μ is the mobility, Ci is the capacitance of the insulator, Vg is 
the voltage of the gate, Vth is the threshold voltage, and Vds is the potential difference in the voltage 
between the source and the drain.8 From these equations, mobility can be obtained. Other photo-
characteristics of OPTs including EQE, R, and SNR are the same as those of OPD. 
 
1.3 Plasmonic Effect for improved optoelectronic devices 
 
The existence of surface plasmons was first predicted in 1957 by Rufus Ritchie. Surface plasmoncs 
(SPs) are defined as coherent delocalized electron oscillations. This oscillation exists at the interface 
between metal and a dielectric. Moreover, the resonant oscillation of conduction electrons at the 
interface by SPs is called surface plasmon resonance (SPR). Photons of light that have a frequency 
equal to natural frequency of surface electrons cause the free electron cloud to oscillate (Figure 1.7).  
 
 
Figure 1.7｜Scheme of a surface plasmon. (Illustrating its propagation along the metal-dielectric 
boundary, the intensity of the evanescent fields in each layer, and showing the direction and variables 
names for fields involved.) 
 
The resonant photon wavelength differs according to the types of metals. Gold, silver, and copper 
nanostructures are able to create SPR from ultraviolet (UV) and visible light (Figure 1.8).11 
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Figure 1.8｜Normalized extinction spectra of a) different metal NPs, b) NPs with different shape, and 
c) Ag nanocubes with different size.  
 
In addition, by controlling the composition, shapes, and sizes of the plasmonic metal nanostructure, it 
is possible to control the resonance wavelength from light (Figure1.9).12  
 
 
Figure 1.9｜Transmission electron micrographs (top), optical spectra (left), and photographs (right) 
of aqueous solutions of Au nanorods of various aspect ratios. The seed sample has an aspect ratio of 1. 
Samples a, b, c, d, and e have aspect ratios of 1.35 ± 0.32, 1.95 ± 0.34, 3.06 ± 0.28, 3.50 ± 0.29, and 
4.42 ± 0.23, respectively. Scale bars: 500 nm for a and b, 100 nm for c-e. 
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Although the performances of organic optoelectronic devices have been enhanced by extensive 
efforts to develop new materials and device architectures, further improvements in device 
performance are needed for commercialization of these technologies. A mismatch between optical 
absorption length and charge transport scale leads to recombination losses, higher series resistances, 
and lower fill factors. Therefore, attempts to optimize both the optical and electrical properties of the 
photoactive layer in organic optoelectronics inevitably result in a need to develop a new device 
architecture that can enable sufficient optical absorption films that are thinner than the optical 
absorption length. Therefore, for highly efficient light harvesting, plasmonic nanostructures have been 
introduced to optoelectronic devices. Plasmonic structures can offer at least three ways to reduce the 
physical thickness of the photovoltaics absorber layers while keeping their optical thickness constant 
(Figure 1.10).13 
Figure 1.10｜(a) Light trapping by scattering from metal nanoparticles at the surface of the solar cell. 
Light is preferentially scattered and trapped into the semiconductor thin film by multiple and high 
angle scattering, causing an increase in the effective optical path length in the cell. (b) Light trapping 
by the excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor. 
The excited particles near-field causes the creation of electron–hole pairs in the semiconductor. (c) 
Light trapping by the excitation of surface plasmon polaritons at the metal/semiconductor interface. 
 
First, metallic nanoparticles can be used as subwavelength scattering elements. These metallic 
nanoparticles are able to couple and trap freely propagating plane waves from the light into an 
absorbing semiconductor thin film by folding the light into a thin absorber layer (Figure 1. 10a).  
Second, metallic nanoparticles can be used as subwavelength antennas in which the plasmonic near-
field is coupled to the semiconductor, increasing its effective absorption cross-section (Figure 1.10).  
Third, a corrugated metallic film on the back surface of a thin photovoltaic absorber layer can couple 
sunlight into SPP modes supported at the metal/semiconductor interface as well as guided modes in 
the semiconductor slab, whereupon the light is converted to photocarriers in the semiconductor 
(Figure 1.10c). 
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1.4 Block copolymer Lithography (BCL) 
 
Block copolymer is a copolymer that comprises two chemically dissimilar polymer chains that are 
covalently linked together at one end. Owing to the low entropy of mixing, polymer blends are 
immiscible and have characteristics of macroscopic phase-separation.14 However, with block 
copolymers, due to the connectivity of the two chains, phase separations of block co-polymers are 
limited to the dimensions of the copolymer chain near 5~20 nm in size.15 Upon heating, amorphous 
block copolymers that comprise blocks such as polystyrene (PS), poly(methyl methacrylate) (PMMA), 
poly(ethylene-alt-propylene) (PEP) or poly(vinylpyridine) (PVP) will be self-assembled into arrays of 
nanoscopic domains, historically called microdomains. The size and shape of the self-assembled 
domain can be controlled by volume fraction of the components, rigidity of the segments in each 
block, and molecular weight. Figure 1.11 shows the morphologies scheme images of block copolymer 
including spherical, cylindrical, bicontinuous gyroid, and lamellar.16 
 
 
Figure 1.11｜Diagram of the microdomain morphologies of diblock copolymers. As the volume 
fraction of components in the diblock copolymer is varied, the diblock copolymer self-assembles into 
morphologies ranging from spherical (S) to cylindrical (C) to gyroid (G) to lamellar (L). Note that G’, 
C’, and S’ have the same morphologies but reversed polymer components of the G, C, and S systems. 
The molecular weight of the block copolymer dictates the size of the microdomains, typically _10 nm. 
 
Figure 1.12 shows the scanning electron microscope (SEM) images of polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) films during the BCL process.16 Figure 1.12a shows the 
SEM image of PS-b-PMMA film after phase separation. Cylindrical microdomains of PMMA can be 
selectively dissolved by UV/acetic treatments. The SEM image after the selective dissolving process 
is shown in Figure 1.12b. However, this surface-modification process is restricted to homogeneous 
oxide surfaces. Therefore, BCL presents some limitations, especially when commercial applications 
are considered. 
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Figure 1.12｜(a) Scanning force micrograph of a spin-coated film of PS-b-PMMA diblock 
copolymer having _20-nm cylindrical microdomains of PMMA oriented normal to the film surface. 
The film, _40 nm thick, was coated onto a surface where the interfacial interactions were balanced.(b) 
The same film after being exposed to UV radiation, followed by rinsing with alcohol. The nanoporous 
film of cross-linked PS has pores that are the same size as the original PMMA microdomains. The 
inset in (b) shows a field-emission electron micrograph of the film, demonstrating the uniformity in 
the size of the pores. The images are 2 μm × 2 μm  
 
Fabrication of a nano-patterned template by using a block copolymer layer as a mask is also possible. 
Figure 1.13 shows the fabrication procedures of the nano-patterned template by using a diblock 
copolymer of polystyrene (PS) and polybutadiene (PBD) containing spherical microdomains of PBD. 
The thin film of the copolymer was spin-coated onto a silicon nitride substrate to form a single layer 
of PBD spherical microdomains. The preferential segregation of PBD from the substrate and air 
surface (the surface energy of PBD is much lower than PS) yields a thin layer of PBD at both 
interfaces. This simple array of spherical PBD microdomains was used as both a positive and negative 
resist (Figure 1.13).15 
 
 １６ 
 
 
Figure 1.13｜Diagram of a PS-b-PBD block copolymer film having a single layer of spherical 
 
microdomains of PBD that can be used as a positive resist to transfer a pattern of holes in 
the underlying substrate or a negative resist to produce nanoscopic dots in the underlying 
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1.5 Nano Imprinting Lithography (NIL) 
 
 Nano imprinting lithography (NIL) is a method of fabricating a nano-sized pattern using an 
imprinting method. It creates patterns by mechanical deformation of the imprint resist. The imprint 
resist is typically a monomer or polymer which is cured by the heat from a UV light during the 
imprinting. Therefore, it is suitable for application of organic electronics17 (Figure 1.14). 
 
 
Figure 1.14｜Schematics of (a) thermal imprint and (b) UV-based imprint process. 
 
 Figure 1.14(a) shows schematic images of the thermal imprinting process. A nano-size patterned 
stamp is attached to the polymer resist at a higher temperature than the glass transition temperature of 
the polymer. The polymer that has liquidity infiltrates the space of the inter-pattern of the stamp. After 
this process, the stamp is lifted off after cooling. For this method, the thermal expansion of the stamp 
and resist owing to applying heat need to be considered. In addition, pattern of stamp is possible in a 
danger of break for high pressure. By using a flexible stamp with low thermal expansion, such as 
polydimethylsiloxane (PDMS), this problem can be solved. Figure 1.14(b) shows the process of UV-
based imprinting. This method uses photo curable and low viscosity resist. After the mold and the 
resist are pressed together, the UV light is exposed to resist curing. After mold separation, a similar 
pattern transfer can be used to transfer the pattern in the resist onto the material underneath. 
A mold with different periodical features can make diverse patterns with a highly reproducible 
number of patterning processes (Figure1.15). 
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Figure 1.15｜SEM images of large-area molds with arrays of different features. a) A pillar array, 
produced by imprinting twice with the same grating mold but orthogonal directions. b) A bar array, 
produced by two grating molds with different periods; scale bar: 500 nm. c) Diamond-shaped array, 
produced by two imprints that use the same grating mold but are oriented at an angle of 60°. 
 １９ 
 
Chapter 2. Background of My Research 
Organic optoelectronics devices such as organic photovoltaics (OPVs),18 organic photodiodes 
(OPDs),19 and organic phototransistors (OPTs)19b, 20 have attracted a great deal of attention from both 
industrial and academic research groups because of the many advantages including low-cost, light-
weight, ease of fabrication, semi-transparency, and mechanical flexibility for use in next-generation 
optoelectronic devices (OEDs)21. Although the performances of these devices have been enhanced by 
extensive efforts to develop new materials and device architectures, further improvements in device 
performance are needed for commercialization of these technologies. A mismatch between optical 
absorption length and charge transport scale leads to recombination losses, higher series resistances, 
and lower fill factors.13,22 Therefore, we need to develop a new device that can enable sufficient 
optical absorption films that are thinner than the optical absorption length. Recently, plasmonic 
nanostructures have been introduced to an optoelectronic device for highly efficient light harvesting.13, 
23 Three types of plasmonic effects including light trapping using surface plasmon polaritons (SPPs), 
light scattering, and light concentration using localized plasmonic resonances (LPRs), can be used for 
enhancing light absorption.24 0D and 1D novel and metallic nanostructures based on light scattering 
and concentration such as nanoparticles (NPs), nanorods (NRs), and nanocones (NCs), which can 
support LPRs have been reported in many studies using various sizes and types of novel metals.24e, 25 
For 2D Novel metallic nanostructures-based light-trapping schemes such as nanogratings (NGs), 
which can contribute to the SPPs modes, it remains challenging to experimentally demonstrate the 
enhancement of performance in an optoelectronic device owing to the difficultness of nanometer-
scale-size patterning.24d, 25c, 26 Conventional plasmonic OEDs have focused on the utilization of only 
one plasmonic structure. Therefore, one of the challenges for plasmonic OEDs lies in integrating 
various plasmonic effects into one OED. For both SPPs and LPRs, the use of dual plasmonic 
nanostructures, Au NPs embedded in the active layer, and Ag nanograting electrode as the back 
reflector has been reported.27 However, fano resonance, a type of resonant scattering that gives rise to 
an asymmetric line-shape, can cause destructive interference between scattered and unscattered light 
beams, and thus can cause reflection rather than enhanced incoupling.28 A way to overcome the 
problem is by using a geometry in which particles are placed on the rear of the solar cell.28b, 29 Also, 
for a more effective structure, it is necessary to fuse various plasmonic nanopatterns into one single 
pattern for various plasmonic effects. Schemes of flat, grating, and dual-patterned electrodes are 
described in Figure 2.1. The upper sides of these electrodes, which are contacted on the active layer, 
reflect incident light to an active layer for absorption enhancement. As a result, the reflected light 
towards the surface of the electrode which will pass several times through the active film leads to an 
increase in the effective path length. Grating patterns that have a corrugated metallic film can couple 
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sunlight into SPPs modes. SPPs are supported at the metal/semiconductor interface as well as by the 
guided modes in the semiconductor slab, and the light is converted into photocarriers in the active 
layer. Besides the improvement of conversion of photocarriers by SPPs, the grating pattern could 
increase the effective path length because of the various incidence angles from incident light. The dual 
pattern which can support both two types of plasmonic resonances including SPRs and LPRs is able 
to show enhancement of absorption owing to obvious high intensity of plasmonic effects and light 
trapping in the active layer. As the accessibility of making a 3D plasmonic nanostructure is improper, 
an appropriate method for the fabrication of a 3D plasmonic nanostructure has not been reported.  
Here, we report the fabrication of a new 3D metallic dual nanostructure by utilizing block-co-
polymer lithography (BCL)15, 30 and Nano-imprinting lithography (NIL)31. In addition, we enhanced 
the performances of OEDs such as OPVs, OPDs, and OPTs due to the improved photocurrent by 
introducing the dual pattern to metal electrodes. Furthermore, we simulated all our devices and 
various shaped dual patterns for a deep understanding.  
 
 Figure 2.1. Three schemes of plasmonic effect in flat (left), grating (middle) and dual pattern (right) 
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Chapter 3. Fabrication of Dual Patterned Si wafer and PDMS mold for Plasmonic Effect 
3.1 Experimental 
In preparation of block-copolymer patterns, SiO2 wafer was treated with O2 plasma and spin 
coated polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) solution (2wt% in toluene) onto 
the SiO2 wafers. The PS-b-PMMA solution was stirred for 24 h. The thickness of the Ps-b-PMMA 
layer is close to 70nm. Subsequently, these samples were annealed for over 2 days at 180℃ under 
vacuum condition in order to derive phase separation of PS and PMMA.  
In preparation of PMDS stamp with grating pattern, the PDMS stamp was obtained through 
traditional PDMS molding process using grating as the master mold. PDMS solution was poured on 
the grating (Thorlab, GH13-36U) and cured at 60℃ for 2h. The PDMS stamp is then lifted off. The 
periodicity of the grating is 278nm.  
For fabrication of dual patterned SiO2 mold and PDMS stamp, the PDMS stamp was placed in 
conformal contact with the PS-b-PMMA and then stamped for 10min at 130℃ with a pressure of 
35000 pa. 130℃ is the correct temperature since the glass temperature of polystyrene (PS) is 100℃ 
and that of poly methyl methacrylate (PMMA) is 105℃. The sample was cooled at room temperature 
for 10min to reduce the adhesion with the PDMS mold and PS-b-PMMA layer. After lifting off the 
PDMS mold, PMMA was selectively etched with the traditional UV/acetic acid treatment for making 
dual patterned PS film. Subsequently, inductively coupled plasma etching process (ICP) was 
performed to etch the SiO2 layer using dual patterned PS pattern as a mask. The etching process was 
performed at a CF4 flow rate of 10 sccm, CHF3 flow rate of 30sccm, O2 and Ar flow rate of 10sccm for 
5min. After the etching process, the dual patterned SiO2 wafer was retreated with UV ozone for 20min 
and treated with fluorine. Subsequently, a mild liquid PDMS mixture (ratio of silicone elastomer to 
curing agent is 20 to 1) was poured onto the 3D patterned SiO2 wafer and the popular liquid PDMS 
mixture was poured. After baking at 60℃ from 2h, the solidified dual patterned PDMS grating mold 
could be easily stripped. The SEM images were obtained using a Hitachi cold SEM microscope. The 
AFM images and thickness were obtained using a VeecoAFM microscope in a tapping mode. ICP 
etching was carried out using Sntek Dry Etcher_ICP. 
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3.2 Results and Discussion. 
Figure 3.1 illustrates the fabrication scheme of the 3D silicone nanostructure as the master mold 
 
Figure 3.1 Schematic procedure for fabricating dual patterned Si mold and PDMS stamp. 
Initially, to make the irregular cylinder nano domains from polystyrene-block-poly(methyl 
methacrylate) (PS-b-PMMA), PS-b-PMMA solution was spin cast on a hydrophilic SiO2 surface. 
Consequently, the PS-b-PMMA thin film was annealed to make phase separation. A scanning electron 
microscope (SEM) image of phase separated PS-b-PMMA film is shown in Figure 3.2. 
 
Figure 3.2｜SEM image of PS film by BCL. (size of scale bar is 1μm) 
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Randomly shaped nano-domains can be clearly seen. The NIL was carried out on the polymer film 
with a grating-patterned PDMS stamp. The PDMS stamp was obtained through a traditional PDMS 
molding process with grating as the master mold. An SEM image of grating-patterned PDMS stamp is 
shown in Figure 3.3. 
 
Figure 3.3｜SEM image of PDMS grating stamp. (size of scale bar is 1μm) 
 
Subsequently, poly(methyl methacrylate) (PMMA) were selectively dissolved through traditional 
UV/acetic acid treatment. The SEM images of Polystyrene (PS) film after selective etching of PMMA 
are shown in Figure 3.4. 
 
Figure 3.4｜SEM image PS film after stamping and selective dissolving processes. (size of scale bar 
is 1μm) 
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It is clearly shown that dual patterned PS film consists of a grating pattern and random nano-holes 
patterns. The dual-patterned SiO2 was fabricated through inductively coupled plasma (ICP) etching by 
employing dual-patterned PS film as a mask. SEM images of dual the patterned SiO2 are shown in 
Figure 3.5. 
 
Figure 3.5｜SEM image of dual-patterned SiO2 film after etching process. (size of scale bar is 1μm) 
 
After the ICP process, the surface of the SiO2 film clearly shows irregular holes with a grating pattern. 
To retain the shapes of the nano-holes in the PS layer, we preserve phase separated PMMA phases as 
cushioning during the NIL process to retain the shapes of the nano-holes in the PS layer. For 
comparison, the SEM images of PS films after changing the order of NIL and PMMA selective 
dissolving are shown in Figures 3.6 and 3.7. The dual-patterned PS film with clear nano-holes and 
grating pattern was able to be fabricated at a large scale as shown in Figure 3.6. 
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Figure 3.6｜SEM image PS film which was fabricated in order of stamping and selective dissolving. 
(size of scale bar is 1μm) 
 
However, the absence of PMMA cushioning during the NIL process resulted in the PS patterns being 
crushed by the stamping pressure (Figure 3.7). 
 
Figure 3.7｜SEM image PS film which was fabricated in order of selective dissolving and stamping. 
(size of scale bar is 1μm) 
 
Optical image of dual patterned PS films which NIL were partially performed are also shown in 
Figure. 3.8. 
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Figure 3.8｜Optical image of PS film after selective dissolving process. 
 
We can observe that dual-patterned PS film clearly shows different colors according to the camera 
angles, caused by the interface effect with the grating pattern. Importantly, our approach realizes a 
dual pattern that does not change the nano-holes and grating pattern of the PS film. In addition, for the 
fabrication of other dual-patterned organic films by NIL, we obtained a dual-patterned PDMS stamp 
through a traditional PDMS molding process by employing a dual-patterned SiO2 layer as the master 
mold. 
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3.4 Conclusion 
 
 In summary, we suggested a new dual pattern as the plasmonic pattern using a fusion structure of 
nano-holes and grating pattern. We fabricated the dual pattern by using nano-imprinting lithography 
and block-copolymer lithography. The application of nano-imprinting lithography to the PS-b-PMMA 
layer after the phase separation process produced a PS-b-PMMA layer with clear nano-holes with 
grating. After selective dissolving of PMMA, we used a dual patterned PS film as a mask during an 
inductively coupled plasma etching process and made a clear dual patterned SiO2 layer. Furthermore, 
we made a dual patterned PDMS stamp based on a dual patterned SiO2 layer as a mold. The dual 
patterned SiO2 layer and PMDS stamp can be used as a promising substrate and stamp, respectively, 
for optoelectronics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ２８ 
 
Chapter 4. Surface plasmon resonance of dual patterned gold back reflector electrode: 
versatility in organic photovoltaics 
4.1 Experimental 
Fabrication of OPVs 
 OPVs were fabricated with the structure of glass/ITO/a-TIPD/PBDTTT-C-T:PC71BM/MoO3/Au. 
The ITO glass (EM-Index) was cleaned by sequential ultrasonic treatment in detergent, deionized 
water, acetone, and isopropanol. The pre-cleaned ITO substrate was transferred to a nitrogen-filled 
glove-box for the following process. The alcohol-soluble titanium (diisopropoxide) bis (2,4-
pentanedionate) (TIPD, Aldrich) buffer layer was prepared by spin-coating (4000 rpm) a 3.75 wt% 
TIPD isopropanol solution on the pre-cleaned ITO substrate and then baking at 150°C for 10min. 
Subsequently, the photosensitive blend layer was prepared by spin coating (1000 rpm) the 
dichlorobenzene solution of poly((4,8-bis-(2-ethyl-hexyl-thiophene-5-yl)-benzo(1,2-b : 4,5-
b')dithiophene-2,6-diyl)-alt-(2-(2'-ethyl-hexanoyl)- thieno(3,4-b ]thiophen-4,6-diyl)) (PBDTTT-C-T, 
Solarmer) and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM, EM Index) (1:1.5 w/w, polymer 
concentration of 10 mg/mL) with 3% volume ratio of 1-8 diiodooctane (DIO, EM Index) additive on 
the ITO/TIPD electrode. The thickness of the active layer is about 80 nm. After the 3D patterned 
PDMS was placed on the active layer, the whole sample was put into a vacuum chamber at had the 
substrate was transferred to a vacuum chamber at 10-x Torr for 10min. After removal of the PDMS 
mold, 5nm of MoO3 layer and32 80nm of Au was thermally deposited on the photo active layer25a 
under a vacuum (<10-6 Torr). The area of the Au electrode defines the active area of the device as 11 
mm2.13  
 
Characterization of OPVs  
The current density-voltage (J-V) characteristics of OPVs were measured using a Keithley 2400A 
Source Measure Unit. The solar cell performance was tested with an Air Mass 1.5 Global (AM 1.5 G) 
solar simulator with an irradiation intensity of 100 mW/cm2. EQE measurements were obtained using 
the PV measurement OE system by applying monochromatic light from a xenon lamp under ambient 
conditions. The monochromatic light intensity was calibrated using a Si photodiode and chopped at 
100 Hz. UV-vis absorption spectra were measured on a spectrophotometer. Thickness of active layer 
was measured using a Veeco AFM microscope in a tapping mode. 
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4.2 Results and Discussion. 
In this work, we used a vacuum-assisted NIL to produce the pattern of the active layer without 
heating. The schematic structure of OPVs that have a dual-patterned gold electrode is shown in 
Figure 4.1. 
 
 
Figure 4.1｜Schematic image of OPV structure with dual patterned Au electrode.  
The morphologies of the active layers were investigated. For comparison, AFM images and the 
heights of the flat, grating, and dual-patterned active layer are also shown in Figure. 4.2.  
 
 
Figure 4.2｜AFM images and heights of flat (left), grating (middle) and dual pattern (right) of active 
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layer. 
Compared with the grating patterned active layer, the nano-holes and cones with grating pattern are 
clearly observed in the AFM image of the dual-patterned active layer. The dual pattern has a grating 
pattern with holes in various sizes and shapes. When the gold (Au) is subsequently evaporated on the 
nanostructured active layer, the Au layer interface will closely follow the surface profile of the active 
layer, hence the nano-patterned Au layer will be present. 
The current density-voltage (J-V) characteristics and parameters of different patterned OPVs are 
shown in Figure 4.3 and Table 4.1 
 
Figure 4.3｜J-V characteristics under air mass 1.5 illumination. 
 
Table 4.1｜Device characteristics of OPVs based on flat, grating and dual pattern. 
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Flat     Pattern 17.3±0.14 0.74±0.01 50.67±0.18 6.46±0.01
Grating  Pattern 18.6±0.04 0.75±0.01 50.85±0.10 7.10±0.01
Dual    Pattern 19.3±0.10 0.75±0.01 53.35±0.15 7.79±0.08
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In order to understand the mechanisms of the performance improvement of OPVs with the dual-
patterned electrode, we first fabricated OPVs with a single grating electrode. We then investigated the 
effect of the dual pattern on the performance improvement. For Au-dual pattern OPVs, it was clearly 
seen that PCE obviously improved from 6.46 % (flat OPVs) to 7.79 % (dual OPVs), while the PCE of 
Au-grating-only OPVs is 7.10 % mainly due to the enhancement of the short circuit current density 
(Jsc) near 7.5 % and 11.6 % for the grating pattern and dual pattern, respectively. The improvement of 
Jsc from the dual pattern was more than twice that of the grating pattern. These parameters were 
achieved for five identical devices. To elucidate the light-trapping nature of our dual pattern, we 
extracted incident photon-to-electron conversion efficiency (IPCE) as shown in Figure 4.4. To further 
clarify our data, we calculated the enhancement factors of the extracted IPCE of the devices. The 
IPCEs of Au-dual-pattern OPVs and Au-grating-only OPVs showed a region of enhancement from 
300 nm to 900 nm wavelength, which is the entire range of visible light. In addition, the intensity of 
IPCE enhancement of the Au-dual pattern OPVs was much higher than Au-grating-only OPVs. This 
indicates that more photons from light are converted to excitons by employing a dual pattern electrode, 
which contributes to the improvement of Jsc. Furthermore, the absorption characteristic of different 
active layer patterns with Au (30nm of thickness) (Figure 4.5a) and without Au (Figure 4.5b) showed 
the role of the Au pattern. To elucidate the light-trapping nature of our dual pattern, we also extracted 
the UV-Vis absorption spectrum of the active layers. Figure 4.5a shows the absorption of the active 
layer without the Au layer, showing the different patterns. It shows that the characteristics of the dual 
patterned active layer and the grating patterned active layer show similar characteristics. In addition, 
differences of absorptions between the patterned active layers and flat active layer were also 
insufficient to elucidate the IPCE characteristic. As enhancements of IPCEs are introduced from 
different patterns of Au electrodes, we evaporated a semitransparent Au layer. The thickness of the Au 
layer was 30 nm. The absorbance data of the active layer with a thickness of Au electrode of 30 nm, 
which clarifies the intensity improvement, are shown in Figure 4.5b. The figure shows that the clear 
enhancement of dual-patterned active layer compared to the grating active layer owing to plasmonic 
effects and scattering by Au layer. To understand the absorbance and its enhancements, we 
constructed theoretical models of the OPVs and calculated the extinction spectra using the discrete 
dipole approximation (DDA) method. We calculated the extinction spectra of flat and grating models 
and dual pattern effect models (Figure 4.6). Figure 4.6a clearly shows that the grating enhances 
extinction spectra at a wide range of wavelength (450nm~900nm). Most high values of enhancements 
appeared at around the 535nm wavelength. Figure 4.6b shows the extinction spectra and their 
enhancement between dual pattern and non-dual pattern effect model. Compared with the non-dual 
pattern, the dual pattern showed significantly improved average extinction spectra based on three 
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types of dual patterns. Especially, the highest value of extinction enhancement by dual pattern is near 
16% at a 565nm wavelength. This is a similar phenomenon to that where dual pattern enhances the 
UV-vis absorption spectra at a wide range of wavelength. Also, most high values of extinction 
enhancements were appeared around 500 ~ 650nm wavelength in dual pattern compared with grating 
pattern. Therefore, we can predict that the wavelength enhances the extinction spectra using a dual 
pattern effect model. Electric field contour plots of flat model (Figure 4.7a), grating model (Figure 
4.7b) and dual pattern effect model (Figure 4.7c) are also shown. In contrast to the electric field of 
the flat model, the grating model showed high enhancement at the interface between Au and 
PBDTTT-C-T:PC[70]BM. This means that the grating pattern increases the electric field intensity of 
the interface and enhances the extinction spectra for OPVs efficiency. 
 
Figure 4.4｜EQEs and its enhancement compare with flat, grating and dual pattern 
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Figure 4.5｜Absorbance and enhancement of flat, grating and dual patterned active layer without Au 
layer (a), and with 30nm thickness of Au layer (b). 
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Figure 4.6｜simulated extinction spectra of grating and flat models with 80nm thickness Au layer (a), 
and dual pattern and non-dual pattern effect models (b). 
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Figure 4.7｜Electric field contour plot of flat (a) and grating (b) model at 715nm wavelength. 
Electric field contour plot of dual(c) model at 565nm wavelength. 
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4.3 Conclusion 
 
 In summary, we demonstrate high-performance OPVs using dual patterned gold electrode as the 
back reflector. The change of electrode pattern leads to the enhancement of electric field distribution, 
giving rise to significant differences in light absorption and scattering within the device architecture. 
The incorporation of dual pattern based OPV remarkably improved device performance in PCE of 
7.79 % via additional light absorption and scattering effect over the broad range of 400 to 750 nm. 
This is the first report on introducing a dual pattern in OPVs for enhancing the device. 
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Chapter 4. Surface plasmon resonance of dual patterned gold back reflector electrode: 
versatility in organic photodiodes 
4.1 Experimental 
Fabrication of OPDs 
 
The photodiodes were fabricated with the structure of glass/ITO/PEDOT:PSS/P3HT:PC[60]BM /Al. 
The ITO glass was cleaned by sequential ultrasonic treatment in detergent, deionized water, acetone, 
and isopropanol. The pre-cleaned ITO substrate was treated with UV-Ozone. After treatment, the 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS, Heraeus) was spin coated 
on ITO at 5000rpm for 40s and then dried at 140°C for 30min. Subsequently, the dichlorobenzene 
solution of poly(3-hexylthiophene) (P3HT, EM Index, Mw = 85000 g mol
-1, ~95% regioregularity) and 
[6,6]-phenyl-C61 butyric acid methyl ester (PC[60]BM, EM Index) (1:1 w/w, polymer concentration 
of 10 mg/mL) was spin coated at 1000 rpm and then annealed at 140℃ for 10min. During the 
annealing process, 3D patterned PDMS was placed on the active layer with pressure (35000 Pa). After 
the annealing process, the substrate is cooled on the hot plate and the PDMS stamp is then lifted off 
from the substrate. After removal of the PDMS stamp, 100nm Al was thermally deposited on the 
photo active layer under a base pressure of 4×10-4 Pa. The area of the Al electrode defines the active 
area of the device as 11 mm2.  
 
Characterization of OPDs  
 
Current–voltage characteristics of the devices and the photo-responses upon on-and-off switching 
of light were measured in an N2-filled glove box using a Keithley 4200-SCS semiconductor 
parametric analyzer. Intensity of light is 461µW/cm2 
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4.2 Results and Discussion. 
In this work, we used NIL to produce an active layer pattern with heating. The schematic structure of 
OPDs that has a dual patterned aluminum (Al) electrode is shown in Figure 5.1.  
The performances of the OPDs were measured under 532 nm green light with an intensity of 
461µWcm-2 and electrode width of 8.35mm2. Typical I-V curves of the photodiodes as different 
patterns of Al electrodes are shown in Figure 5.2a. To further clarify our data, we focused the I-V 
curve as a range of bias from 0V to 1V as shown in Figure. 5.2b 
 
Figure 5.1｜Schematic image of OPD structure with dual patterned Al electrode.  
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Figure 5.2｜(a) J-V characteristics under 532nm wavelength (461 µW cm-2), (b) magnified graph. 
The figure clearly shows the enhancement of the photocurrent by employing dual-patterned Al 
electrode, while the effect of Al-grating-only OPD is small. At 1V, the photocurrent was improved 
from 37.5 μA (flat OPDs) to 40 μA (Al-dual pattern OPDs), while the Al-grating-only OPDs was 3.83 
μA. Figure 5.3 presents the on-off photo-switching characteristics (at a bias of 1V with 30 sec 
duration) of OPDs. 
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Figure 5.3｜Photo-switching of OPDs with flat, grating and dual pattern. 
It can be clearly seen that all the devices can be switched on and off repeatedly. The enhanced 
performance of the optimized photodiode was stable during the light on and off cycling process. 
In optoelectronic devices, it is well known that light response is closely related to the responsivity (R, 
a parameter characterizing the sensitivity of the device to light). R is defined by the following 
equation (5.1). 
 
light dark
ill
I I
R
P
-
=
 (5.1) 
Where ILight is the current under the illumination, Idark is the dark current, and Pill is the incident 
illumination power on the effective area. 
Except for R, the other two figures of merit for evaluating a photodiode are the signal to noise ratio 
(SNR) and External quantum efficiency (EQE), (a parameter characterizing the creation of an 
electron-hole pair on absorption of a photon) 
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SNR is defined by the following equation (5.2), 
 
light dark
dark
I I
SNR
I
-
=
 (5.2) 
EQE is given by the following equation (5.3). 
 
ph
ill
I hc
EQE
eP Al
=
 (5.3) 
 
where h is the Planck constant, c is the speed of light, e is the charge of electron, A is the active area, 
and λ is the wavelength. Based on equations (1)-(3), we calculated R, SNR, and the EQE values of the 
photodiodes based on the non-pattern, grating pattern, and dual pattern at 1V bias, as shown in Figure 
5.4. In EQEs, compared with flat and grating, it was clearly shown the enhancements by employing 
dual pattern as well as R. Furthermore, Au-dual-patterned OPDs showed a dramatically increased 
SNR of 574 compared with flat OPDs (225), while grating OPDs showed an SNR of 464. Moreover, 
the higher enhancements shown for all parameters by employing the dual pattern compared with the 
grating pattern showed that dual patterns can be utilized in OPDs by substituting conventional grating 
patterns. This clearly showed that employing dual–patterned Al electrodes led to higher enhancements 
than employing grating Al electrodes. We calculated the extinction spectra of flat and grating models 
(Figure 5.5a), and dual pattern effect models (Figure 5.5b). In Figure 5.5a, the grating shows 
slightly enhanced extinction spectra at a wide range of wavelength (450 ~ 900nm). Most high values 
of enhancements appeared at around 850 ~ 900nm wavelength. Figure 5.5b shows a comparison of 
the extinction spectra and their enhancement between dual pattern and non-dual pattern effect models. 
The dual pattern, compared with the flat pattern, shows enhanced average extinction spectra based on 
three types of dual patterns. Especially, the highest value of extinction enhancement by dual pattern 
was near 2% at a 455nm wavelength, and most high values of extinction enhancements appeared at 
around a short range wavelength (~450nm). We can predict the enhancement should be improved at 
that wavelength if dual patterns are incised on the grating. Electric field contour plots of the flat 
model (Figure 5.6a), grating model (Figure 5.6b), and dual pattern effect model (Figure 5.6c) are 
also shown. The electric field of the grating model, compared with the flat model, showed high 
enhancement at the interface between Al and P3HT:PC[60]BM. Especially, the bottom of the grating 
pattern was more enhanced than the top. In the flat and grating models, the electric field of the Al 
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layer did not spread over the entire layer due to the thickness of the Al layer. Also, the electric field of 
the dual pattern effect model showed strong enhancements at the interfaces of patterns. 
 
 
Figure 5.4｜Device characteristics of OPDs under 532nm wavelength. (461 µW cm-2) 
 EQE, R (a), and SNR (b), of the OPDs with flat, grating, and dual patterned electrode (Averages 
EQE, R, and SNR) were achieved for five identical devices. (Error bars indicate standard deviations 
of devices.) 
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Figure 5.5｜Simulated extinction spectra of grating and flat models with 100nm thickness Al layer 
(a), and dual pattern and non-dual pattern effect models (b).  
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Figure 5.6｜Electric field contour plot of flat (a) and grating (b) model and dual(c) model at 532nm 
wavelength. 
 
 
 ４５ 
 
5.3 Conclusion 
 
In summary, we demonstrate high-performance OPDs using a dual patterned aluminum electrode as 
the back reflector. The change of electrode pattern leads to enhancement of electric field distribution, 
giving rise to significant differences in light absorption and scattering within the device architecture. 
The incorporation of dual pattern based OPD, compared with the flat model, remarkably improved 
device performance in EQE (~20%) and SNR (~150%) via additional light absorption and scattering 
effect at 532 nm. This is the first report on introducing dual pattern in OPDs for enhancing an 
optoelectronic device. 
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Chapter 6. Surface plasmon resonance of dual patterned gold back reflector electrode: 
versatility in organic phototransistors 
6.1 Experimental 
In fabrication of OPTs  
 The phototransistors were fabricated with the structure of Si/SiO2/Cr/Au (gate)/PI/BPE-PTCDI/Au. 
First, 4nm thick Cr and 100nm thick gold gate electrodes were deposited under vacuum (<10-6 Torr) 
by thermal evaporation on to the dual patterned SiO2 wafer. After the thermal evaporation process, a 
polyimide (PI) solution was spin coated onto the gold electrode at 7000rpm 120s and then baked at 
300 °C for 30min for curing of PI. Then, N,N′-bis(2-phenylethyl)perylene-3,4:9,10- tetracarboxylic 
diimide (BPE-PTCDI) was deposited under vacuum (<10-6 Torr) by thermal evaporation 
(temperature of substrate is 150°C). The gold electrode was then thermal evaporated with a mask 
(W/L is 16) under vacuum (<10-6 Torr) by thermal evaporation. The thickness of the BPE-PTCID 
and gold electrodes was 90nm and 40nm, respectively.  
 
In characterization of OPTs  
Current–voltage characteristics of the devices and the photoresponses with on-and-off switching of 
light were measured in a N2-filled glove box using a Keithley 4200-SCS semiconductor parametric 
analyzer. Intensity of light is 500µW/cm2 
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6.2 Results and Discussion. 
Figure 6.1 shows the schematic device structure of OPTs with a dual patterned Au gate electrode..  
 
Figure 6.1｜Schematic image of OPT structure with dual patterned Au gate electrode.  
For utilization of the plasmonic effect, we used a transparent polyimide dielectric layer with 
capacitance 7 μF/cm-2. In addition, to prevent damage of the dielectric layer during the solution 
process of the semiconductor layer, N,N′-bis(2-phenylethyl)perylene-3,4:9,10- tetracarboxylic diimide 
(BPE-PTCDI), which is a promising N-type semiconductor, was thermal deposited. SEM images of 
the clear dual-patterned Au gate electrode are shown in Figure 6.2. Transfer characteristics and R of 
different structural OPTs under dark, blue (460 nm), green (532 nm), and red (670nm) are shown in 
Figure 6.3. Key parameters of the transistor are also summarized in Table 6.1. Other groups reported 
better OPTs performance in terms of mobility and on-off ratio. However, in all the above cases, 
inorganic oxide (SiO2) was used as the gate dielectric in contrast to employing polymer dielectric in 
the present case. Bias of source and intensity of light were 100 V and 500μW/cm-2, respectively. The 
OPTs showed typical n-type characteristics with dominant electron transport both in dark and under 
illumination. In addition, illumination clearly affected the enhancements of drain current (Id). The 
EQEs and SNRs of OPTs are shown in Figures 6.4a and 6.4b, respectively.  
Illumination led to increased drain current (Id), much higher than that at the same Vg without 
illumination. Incident photons of energy equal to or higher than the band-gap of the semiconductor 
can be absorbed, forming excitons and subsequently electrons and holes, which increased the Id value. 
The EQE and SNR based on each gold grating pattern at a diverse wavelength of light (460 nm, 532 
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nm, 670 nm) are shown in Figures 6.4a and 6.4b, respectively. We observed that the maximum EQEs 
were obviously enhanced from 2.2 (flat OPTs) to 3.54 (grating OPTs) and 21.9 (dual OPTs) under 
blue light. In addition, under green light, the EQE of the dual-patterned OPTs were dramatically 
enhanced from 1.61 (flat OPTs) to 17.8 (grating OPTs). However, under red (670nm) light, while the 
dual OPTs exhibit significant enhancement of 4.87 ratio compared with the flat OPTs, the EQE of 
grating OPTs decreased from 0.517 to 0.35. The enhancement ratio of dual-to-flat is 9.58, 11.03, and 
9.42 at blue (460nm), green (532nm), and red (670nm), respectively. This showed the same trends as 
the extinction spectra for grating and dual OPTs. The R of non-pattern OPTs shows a decrement from 
95V owing to the small enhancements of photocurrent. SNR data, after turn-on voltage (i.e., Vg > 30 
V), also show the enhancements based on plasmonic gold gate patterns. The SNRs of OPTs based on 
a flat pattern were significantly improved compared with OPTs based on grating and dual patterns. 
Interestingly, at 100V, compare with flat OPTs, the SNR enhancements of dual-patterned OPTs under 
green light reached 8400%. Under blue and red light in the same condition, the enhancements were 
3333% and 1967%, respectively. It is clearly shown that employing dual patterned Au electrode led to 
significant enhancements of EQEs and SNTs, while grating patterned Au electrode showed minimal 
enhancements. In addition, in most EQEs it was observed that increasing the gate bias resulted in 
dramatic enhancements of EQEs, while SNRs showed reductions caused by the enhancements of 
drain current under dark. In addition, as the wavelength of light was shorter, the photo-generated 
current was enhanced due to the higher energy of light. Figure 6.5 presents the on-off photo-
switching characteristics (0 V and 100 V of gate bias, 30 sec of duration time). The Au-dual-patterned 
OPTs showed much enhanced difference between on and off current compared with flat OPTs under 
blue, green, and red light. Furthermore, they showed the same trend, whereby a shorter light 
wavelength makes more photo-generated current. All lines and lower located lines located in the 
upper and lower parts of the graphs refer to photo-switching with 100 V gate bias (close circles) and 0 
V gate bias (open circles), respectively. Figures 6.5a-c show the photo-switching characteristics of 
OPTs with flat gate electrode under blue, green, and red light, respectively. The on current increased 
under high energy of light (blue > green > red) and high gate bias. Figures 6.5d-f show the photo-
switching characteristics of OPTs with grating patterned gate electrode under blue, green, and red 
light, respectively. Also, photo-switching of OPTs with dual-patterned gate electrode under blue, 
green, and red light is shown in Figures 6.5g-i, respectively. At 100V gate bias, normalized 
enhancements of on currents of OPTs with flat, grating, and dual patterned gate electrode under blue 
light were 8%, 14%, and 23%, respectively. Furthermore, in the case of green light, enhancements of 
normalized on currents were 8%, 11%, and 16%, respectively. Moreover, in the case of red light, the 
enhancements of normalized on currents of OPTs were 5%, 7%, and 16%, respectively. In photo-
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switching characteristics, the enhancements by dual pattern are clearly shown. In addition, it was 
clearly seen replicable on and off photo-switching in all OPTs. Because the carrier trapping/de-
trapping process needs a long time, the light reis/decay times were quite large for OPTs. Therefore, 
enhancement of the photo-switching ratio by utilizing a dual pattern differed with R, EQE, and SNR 
from the transfer curve. The enhancements by dual pattern were clearly shown in the transfer curves 
and photo-switching characteristics. Moreover, it was clearly shown replicable on and off photo-
switching in all OPTs. We calculated the extinction spectra of flat and grating models (Figure 6.6a), 
and dual pattern effect models (Figure 6.6b). In Figure 6.6a, the grating enhanced the extinction 
spectra at a wide range of wavelength (450 ~ 900nm), except the 655 ~ 850nm wavelength. Most high 
values of enhancements appeared at around a 450 ~ 550nm wavelength. However, in the 655 ~ 850nm 
wavelength, the enhancement was reduced to below 100%, and the lowest enhancement appeared at 
670nm, which is the wavelength in which the grating is lower than the flat model in EQE(%). 
Therefore, we can predict why the EQE of the grating was lower than the flat model at 670nm through 
extinction enhancement. Figure 6.6b shows the extinction spectra and their enhancement between 
dual pattern and non-dual pattern effect models. Dual pattern, compared with non-dual pattern, 
showed significantly enhanced average extinction spectra based on three types of dual patterns. 
Especially, the highest value of extinction enhancement by dual pattern was near 12% at 535nm 
wavelength, and the highest values of extinction enhancements appeared at around 535nm (1st peak) 
and 655nm (2nd peak) wavelengths. We can predict the enhancement should be improved at these 
wavelengths if dual patterns are incised on the grating. Through this prediction, the grating with 
incised dual patterns can be higher than the flat model at 670nm wavelength because the second main 
peak of extinction enhancement appeared at around 655nm wavelength.  
All photo-characteristic parameters for all the investigated OPTs are listed in Table 6.2. As can be 
seen from Table 6.2, the enhancement of performance by utilizing a dual pattern in OPVs (efficiency) 
and OPDs (EQE) was almost constant, ranging from 13.8% to 21.9%, while the enhancement of OPTs 
(EQE) ranges from 841.6% to 859.1%. We assumed that the differences of enhancements were due to 
the conveniences of charge carriers separation and collection. First, a structural difference is observed 
between the vertical structure including OPVs and OPDs, and the horizontal structure including OPTs. 
In vertical structures such as OPVs and OPDs, the excitons should be separated in the interface 
between the donor and acceptor layer and should reach the electrode to generate a photocurrent. 
However, in a horizontal structure such as OPTs, excitons are separated in an intrinsic semiconductor. 
Second, a difference in the intensity of the external electric field is observed. In contrast to OPVs and 
OPDs, we applied a 100V of gate bias to OPTs. This high bias decreased potential barriers for 
enhancing charge separation of excitons in the intrinsic semiconductor. The EQE of OPTs is 
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dramatically enhanced as gate bias increased from ~50% to 859%. Third is structure of semiconductor. 
In Figure 6.7, SEM images clearly show nanowires (NWs) of BPE-PTCDI inside a film of BPE-
PTCDI. We assumed that the NWs enhance the movement of charge carriers to reach the 
accumulation layer of the transistor owing to the high mobility of NWs 
 
Figure 6.2｜SEM image of dual patterned Au gate electrode with two opposite angle. (a) is 
perpendicular view to grating line, (b) is horizontal view to grating line. (size of scale bar is 500nm) 
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Figure 6.3｜Transfer characteristics and Responsivity in the dark and under 460nm, 532nm and 
670nm light with flat gold gate electrode (a), grating patterned gold gate electrode (b), and dual 
patterned gold gate electrode (c). 
 
 
Table 6.1｜Device characteristics of OPTs based on flat, grating and dual pattern. 
 
 
Table 6.1 ｜ Transistor characteristics of OPTs based on flat, grating and dual pattern
OPT configuration On/Off Vth Mobility Max Mobility
Flat
Dark 1.4E+6 66.0 4.8E-2 5.4E-2
460 nm λ 4.7E+4 61.6 3.8E-2 5.6E-2
532 nm λ 1.7E+5 62.8 4.0E-2 5.8E-2
670 nm λ 2.4E+5 64.1 4.4E-2 6.2E-2
Grating
Dark 6.2E+4 60.5 4.9 E-3 5.6E-3
460 nm λ 4.8E+3 56.4 7.0E-3 9.2E-3
532 nm λ 2.9E+3 53.3 4.7E-3 4.9E-3
670 nm λ 3.3E+3 57.3 5.0E-3 5.3E-3
Dual
Dark 6.5E+4 62.5 2.6E-2 4.4E-2
460 nm λ 1.6E+4 52.6 3.2E-2 3.8E-2
532 nm λ 1.3E+4 56.7 3.5E-2 3.7E-2
670 nm λ 1.6E+4 63.0 4.2E-2 4.2E-2
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Figure 6.4｜(a) EQE and (b) SNR under 460nm, 532nm and 670nm light with flat, grating and dual 
pattern at VD = 100V. 
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Figure 6.5｜Photo-switching performance of OPTs. 
a-c Photo-switching performance of OPTs with flat gate electrode under blue (460nm) (a), green 
(532nm) (b), and red (670nm) (c), d-f Photo-switching performance of OPTs with grating patterned 
gate electrode under blue (460nm) (d), green (532nm) (e), and red (670nm) (f), g-i Photo-switching 
performance of OPTs with dual patterned gate electrode under blue (460nm) (g), green (532nm) (h), 
and red (670nm) (i). (close circles mean photocurrents with 100V gate bias and open circles mean 
photocurrents with 0V gate bias) 
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Figure 6.6｜Simulated extinction spectra of grating and flat models with 100nm thickness Au layer 
(a), and dual pattern and non-dual pattern effect models (b). 
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Table 6.2｜Photo-characteristics of OPDs based on flat, grating and dual pattern 
 
 
Figure 6.7｜SEM images of BPE-PTCDI form PI layer under flat (a), grating (b), and dual (c) 
patterned gate electrode and (d) is enlarged image of (c). (size of scale bar of (a), (b) and (c) is 30µm. 
size of scale bar of (d) is 5µm) 
 
 
Table 6.2 ｜ Photo-characteristics of OPTs based on flat, grating and dual pattern
OPV configuration Jsc (mA cm
-2) Voc (V) FF η (%)
Flat     Pattern 15.3±0.12 7.29±0.04E-01 0.502±0.08 5.60±0.07
Grating  Pattern 16.1±0.17 7.22±0.01E-01 0.515±0.08 6.01±0.06
Dual    Pattern 16.5±0.12 7.45±0.02E-01 0.518±0.12 6.37±0.14
OPT configuration EQE (%) R SNR (at 30V) SNR (at 100V)
Enhancement of Ion (%)
(normalized data)
Under 
light
(460
nm λ)
Flat    Pattern 2.28 0.847 4.4 0.03 8 
Grating Pattern 3.5402 1.3133 8.1 0.78 14 
Dual    Pattern 21.86745 8.112 20.4 1.03 23 
Under 
light
(532
nm λ)
Flat    Pattern 1.403 0.599 3.7 0.01 8
Grating Pattern 1.45629 0.6248 5.0 0.37 11 
Dual    Pattern 15.39884 6.6066 13.3 0.84 16
Under 
light
(670
nm λ)
Flat    Pattern 0.95774 0.517 1.0 0.03 5
Grating Pattern 0.64806 0.35016 3.2 0.21 7
Dual    Pattern 9.01817 4.87272 8.2 0.62 16
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6.3 Conclusion 
In summary, we demonstrate high-performance OPTs using dual patterned gold electrode as the gate. 
The change of electrode pattern leads to the enhancement of the electric field distribution, giving rise 
to significant differences in light absorption and scattering within the device architecture. The 
incorporation of dual pattern based OPD, compared with flat OPD, remarkably improved the device 
performance in EQE (≳1000%) and SNR (≳400%) via additional light absorption and scattering 
effect at 460nm, 532 nm, and 670nm. This is the first report on introducing a plasmonic pattern in 
OPDs for enhancing the device. In addition, the thickness of BPE-PTCDI nanowire is the minimum 
thickness reported to date. 
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Chapter 7. Theory and methods of DDA simulations 
7.1 Theory of DDA simulations 
To predict the change of optical properties (e.g. Extinction, Absorption, Scattering) in the 
photovoltaic, photodiode, and phototransistor according to locating the various patterns between the 
active layer and metal plate, we used the discrete dipole approximation (DDA) method, which is the 
numerical method used to solve Maxwell’s equations. The DDA method divides an arbitrary shape 
into a finite array of dipole points that respond to the local electric field and form dipole moments. 
The optical properties of the target structure are calculated through the dipole moments. DeVoe first 
introduced the DDA method.33 Since then, Purcell and Pennypacker developed a more detailed DDA 
method.34 They added the retardation phenomenon in the DDA method. Retardation phenomenon 
occurs if the distance between dipoles is larger than 10% of the wavelength.35  
The DDA method can be explained briefly in the following derivation.36 First, when the target 
structure is divided by an array of N dipole points, the dipole moment Pi which occurred due to the 
local electric field is calculated as a flowing equation (7.1). 
 
( )i i ilocP E ra= ×   (7.1) 
αi is the polarizability tensor and Eloc (ri) is the external electric field(i=1,2,3… N) 
Polarizability tensor(αi) which decides the dipole moment used Clausius-Mossotti polarizability.
34, 37  
The equation is expressed as equation (7.2). 
 
3 13
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d e
p e
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+  (7.2) 
εi is dielectric function of target material at ri position. Clausius-Mossotti polarizability shows that 
polarizability tensor is calculated by the dielectric function of target material. So, the dielectric 
function of target material is essential element to calculate the dipole moments which calculate optical 
properties of target structure. 
External electric field(Elocri) is composed by sum of incident field and dipole field (equation (7.3)). 
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Einc,i is electric field at ri position. Finally, E.q.(xx) is changed as equation (7.4). 
 ,
1
N
ij j inc i
j
A P E
=
=å  (7.4) 
If N value is small, dipole moment Pj calculate directly using inverse matrix of Aij matrix. But, if N 
value is larger and larger, the computational time of calculating dipole moment Pj becomes long. So, 
to decrease the computational time efficiency, DDA method applies iteration method in E.q.(xx), and 
obtain the dipole moment. Using dipole moment Pj, optical properties such as Extinction, Absorption, 
Scattering cross-section are calculated as following equation (7.5), 
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Superscript * is conjugate value of each properties, n is unit vector of scattering direction, and dΩ is 
solid angle element. Extinction, Absorption, Scattering cross-sections have Cext = Cabs + Csca 
relationship. 
We use DDSCAT program which computes above derivations of DDA method. DDSCAT is 
developed by Drain and Flatau.36 There is a criteria |m|kd<1 which means that optical properties 
through DDSCAT program become trustworthy values. |m| is complex refractive index, k is reciprocal 
value of incident wavelength, and d is dipole spacing which means distance between adjacent dipoles. 
Through the following criteria condition, when d value becomes smaller and smaller, calculate more 
accurate optical properties. 
 
7.2 methods of DDA simulations 
Figures 7.1a and 7.1b show the unit models of the flat and grating patterns. The flat and grating 
pattern unit model is composed of an active layer and metal plate. In the flat model, the size of the 
active layer is 300nmⅹ1nm length at the bottom and 100nm in height. The grating pattern shape in 
the grating model resembles a wave or hemi-ellipsoid. The size of the active layer is 300nmⅹ1nm at 
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the lower length.  
In the photovoltaic structure, the material of the active layer is PBDTTT-C-T:PC[70]BM.80nm thick 
gold (Au) is coated on this layer. The height of the grating pattern is 10nm in 80nm thickness. We use 
the dielectric function of PBDTTT-C-T:PC[70]BM from the experimental measurement and gold 
from Johnson and Christy’s work.38  
In the photodiode structure, the material of the active layer is P3HT:PC[60]BM., 100nm thick 
aluminum (Al) is coated on this layer. The height of the grating pattern is 10nm. The dielectric 
function of P3HT:PC[60]BM is from the experiment measurement and aluminum is from Palik’s 
handbook.39 
Figures 7.1c and 7.1d show the unit model of the flat and grating pattern, respectively, used in the 
phototransister structure. The flat and grating pattern unit model is composed of an active layer and 
metal plate which are BPE-PTCDI and gold, respectively. In the flat model, the size of the active layer 
is 300nmⅹ1nm bottom length and 40nm height. In the grating pattern model, the size of the active 
layer is 300nmⅹ1nm at the lower length and a 20nm grating height. The thickness of the gold plate is 
100nm. The dielectric function of BPE-PTCDI is from the experimental measurement. 
Figure 7.2 shows the dual pattern effect unit models to show the effects of dual pattern clearly and 
efficiently in photovoltaic, photodiode, and phototransister. The size of active layers (PBDTTT-C-
T:PC[70]BM, P3HT:PC[60]BM, BPE-PTCDI) is 150nmⅹ150nm for the lower length and 20nm 
height. The metal plate (Au, Al) thickness is 20nm. The depth of the dual pattern is 4nm, which is the 
maximum depth in the experiment measurement. 
All systems were calculated under 1nm dipole spacing (d), the range of wavelength was from 450nm 
to 900nm, and the ambient medium state was taken to be air. Also, to calculate the optical properties 
of each model in the micro level, the periodic boundary condition (PBC) was used. 
 All simulation experiments were carried out by Tae Kyung Lee. 
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Figure 7.1｜Flat and grating simulation models of OPVs, OPDs and OPTs.  
(a). flat unit model of OPVs and OPDs, (b) grating pattern unit model of OPVs and OPDs, (c). flat 
unit model of OPTs, (d) grating pattern unit model of OPTs 
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Figure 7.2｜Dual pattern simulation models of OPVs, OPDs and OPTs.  
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Chapter 8. Summary  
The research topic in this thesis is the introduction of nanostructures for plasmonic effects and their 
application for optoelectronics. 
The fabrication and utilization of a dual pattern were researched to employ surface plasmon 
resonance of dual pattern to achieve high-performance organic optoelectronic devices such as organic 
photovoltaics (OPVs), organic photodiodes (OPDs), and organic phototransistor (OPTs).  
 The fabrication of a dual nano-patterned SiO2 wafer demonstrated by using a polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) diblock copolymer template and modifying nano-
imprinting lithography with a grating patterned PDMS stamp, and an inductively coupled plasma 
etching process (ICP). In addition, a dual patterned PDMS stamp was fabricated for organic 
patterning by using a dual patterned SiO2 wafer as the mold. The surface morphology of the dual 
patterns was characterized by scanning electron microscopy. Furthermore, remarkable improvements 
were demonstrated in the device performances of OPVs, OPDs, and OPT by employing dual 
patterned electrodes. For OPVs, under AM 1.5G illumination, the dual patterned gold back reflector 
increased the power conversion efficiency from 6.5 % to 7.8 % by 11.6 %, 1 %, and 5% 
enhancements in the short circuit current, open circuit voltage, and fill factor, respectively. For OPDs, 
under green light of 532nm wavelength with 461μW/cm2 intensity, the dual patterned aluminum back 
reflector increased the EQE from 2.3% to 2.77%. For OPDs, under blue (460nm), green (532nm) and 
red (670nm) light with 500μW/cm2 intensity, the dual patterned gold gate electrode increased the EQE 
from 2.3% to 21.9%, from 1.4% to 15.4%, and from 1.0% to 9.0% with blue, green and red light, 
respectively. It also showed remarkable enhancement of SNR at 100V of gate bias from 0.03 to 1.03, 
from 0.01 to 0.84, and from 0.03 to 0.62 with blue, green and red light, respectively.  
These significant improvements in device efficiency demonstrate that the plasmonic effects of the 
dual pattern constitute a versatile and effective route to achieving high-performance OPVs, OPDs, and 
OPTs. Furthermore, the pattern could utilize diverse areas of optoelectronic devices such as quantum 
dot, perovskite, dye-sensitive, and inorganic areas. Besides, the increment of surface area of dual 
pattern also has potential to be utilized as a route to enhance the performance of the signal chemical 
sensor. 
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원 과정 입학을 결정하였습니다. 이처럼 입학 당시를 떠올리면 ‘만약에 내가 다른 연구
실을 갔더라도 지금처럼 많은 것을 배울 수 있을까?’ 라는 질문을 제게 던지곤 합니다. 
제가 석사과정을 성공적으로 마칠 수 있었던 것은 저의 지도교수님인 오준학 교수님의 
지도, 연구실원들 등 많은 분들의 도움 그리고 유니스트의 우수한 시설 덕분 이였습니다. 
우선, 학부생과 석사과정 동안 부족한 저를 위해 잘한다고 칭찬해주시고, 부족한 부분을 
말씀해주시며 연구적으로 적절한 충고와 지도를 해주신 저의 지도교수님인 오준학 교수
님께 감사의 인사를 드리고 싶습니다. 그리고 석사 학위 심사를 하면서 많은 조언과 지
도를 해주신 고현협 교수님, 곽상규 교수님께도 감사하다는 말씀을 전합니다. 
 석사과정 동안 부족한 저에게 많은 도움을 주었던 우리 연구실 분들과 유니스트 모든 
연구실 분들께 감사의 인사를 전합니다. 제가 인턴쉽 때부터 군기반장으로서 SNDL을 잘 
이끌어주셨던 아름누나, 다정하고 친절하신 호정누나, SNDL을 이끌어 주시는 항상 부지
런 하신 은광이형, 툴툴거리시지만 잘 챙겨주시는 문정누나, 요리 잘하시는 자취남 지형
이형, 아이디어 제조기 동영이, 툴툴거리면서 가르쳐줄 것 다 가르쳐주는 음료의 왕 무열
이, 우리 동기의 홍일점 자연이, 항상 진득한 철희, 목을 축이면 솔직해지는 인호, 착하고 
성실한 해랑이, 마음이 진짜 따뜻한 샤보우 박사님 모두들 너무나 감사하고 앞으로도 잘 
부탁 드립니다. 그리고 영원한 코워커 태경이, 따뜻하시고 좋은 조언을 많이 해주신 태효
형, 부족한 저를 항상 친절하게 도와주시는 강택이형 감사해요. 또 노래스승님 승영이, 
내가 숙소 없을 때 몇 달 동안이나 재워준 성인이, 광우, 창훈이, 지구 경로당과 IVF 친
구들 모두 고마웠어요. 
 마지막으로 제가 어떤 선택과 결정을 하든 항상 저를 믿고 응원해준 저의 든든한 어머
니, 아버지 그리고 동생에게 감사의 말씀을 전합니다. 여러분들의 도움이 없었더라면 지
금의 저는 없었다고 생각합니다. 다시 한번 감사드립니다. 
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